One sentence summary: This work reports on a previously undescribed microbial community, capable of converting organic matter to electricity while thriving in harsh environments characterised by high pH and ammonia, conditions which are generally inhibiting, or even biocidal, to most bacterial communities found in natural or engineered systems.
INTRODUCTION
Electroactive bacteria (EAB) are microorganisms that possess the unique physiological ability to directly exchange electrons with insoluble extracellular donors/acceptors; this capability is now believed to be widespread across numerous bacterial groups and responsible for various important ecological processes (Deutzmann, Sahin and Spormann 2015) , such as the biogeochemical cycling of iron oxides in aquatic sediments (Richter et al. 2007) . In engineered Microbial Electrochemical Technologies (METs), EAB electron-exchange is exploited to drive oxidation and/or reduction reactions of interest by facilitating continuous contact between the microorganisms and solid electrodes that act as the terminal electron acceptors/donors (Logan and Rabaey 2012) . A decade ago, MET research was almost entirely focused towards domestic wastewater treatment-as an alternative to the activated sludge process-with the idea that MET plants would produce a net gain of electricity from the electroactive oxidation of organics and lower sludge yields due to the anaerobic nature of the process (Logan et al. 2006) .
To date however, this objective has not been met due-quite substantially-to the lack of sufficient conductivity and buffering capacity found in domestic wastewaters (Rozendal et al. 2008; Ledezma et al. 2015b) . Insufficient conductivity (typically ≤2 mS cm −1 in domestic wastewater) results in very significant ohmic drops, hindering any possibility of upscaling METs to applicable volumes (Rozendal et al. 2008) . Furthermore, and as exemplified in eq. 1, the anaerobic oxidation of wastewater organics (e.g. acetic acid) with concomitant electricity production inevitably results in an unbalanced acidification of the EAB biofilm (via H + accumulation), which leads to biological inactivation (Ledezma et al. 2015b; Lusk et al. 2016) . Overcoming the latter necessitates levels of buffering capacity-via alkalinity and/or specific buffering molecules-that are rarely found in domestic or even industrial wastewaters (Rozendal et al. 2008; Ledezma et al 2015b; Lusk et al. 2016) . In the light that dosing chemicals to increase conductivity, alkalinity and/or buffering is economically unfeasible for treating the latter (Heidrich et al. 2012) , researchers in the field have sought alternative physicochemical environments where these desirable properties can be naturally found for the EABs to operate effectively:
One such environment is hydrolysed source-separated urine, where high pH (≥9), conductivity (16-38 mS cm −1 ) and buffering capacity in the form of phosphates, bicarbonate and free ammonia NH 3 (FA) (Ledezma et al 2015b; Luther et al. 2015) have led to superior reactor performances and to promising MET pilot plant tests (Rodriguez Arredondo et al. 2015) , although very little is known to date about the EABs that drive these processes. Geobacter sulfurreducens is arguably one of the best performing EABs isolated to date (see review by Lovley et al. 2011) , but it has not yet been observed under high salinity/conductivity conditionsperhaps unsurprisingly, given that it is a neutrophilic freshwater species (Badalamenti, Krajmalnik-Brown and Torres 2013) . Recent investigations have nevertheless demonstrated the possibility to enrich for alternative high-performing EABs under the aforementioned conditions, such as Geoalkalibacter spp., which exhibited 8.3 A m −2 at an alkaline pH = 9.3 (Badalamenti, Krajmalnik-Brown and Torres 2013) or the halophilic (35 g NaCl L −1 ) enrichment dominated by Geoalkalibacter subterraneus and Desulfuromonas acetoxidans that achieved up to 8.5 A m −2 at pH = 7.0 (Pierra et al. 2015) .
In this investigation, we aim to contribute towards the practical implementation of METs by characterising an EAB consortium dominated by Pseudomonadales and Desulfuromonadales that are able to produce anodic current densities of up to 47.4 A m at pH = 9.0).
MATERIALS AND METHODS

EAB inoculum and enrichment strategy
At the beginning of experimentation, three replicate electrochemical reactors were inoculated with biomass from an microbial electrolysis cell mode (MEC)-that had been fed with acetate for ≥4 years and whose bioanode community was dominated by Geobacter spp. (Ledezma et al 2015a) -and fed with model hydrolysed source-separated urine (pH = 9.22 ± 0.4, conductivity 19.5 ± 0.5 mS, COD avg. 7.36 ± 0.17 g L −1 ) (Ledezma et al. (2017) ; see full composition in the Electronic Supporting Information S1, Supporting Information). Despite repeated inoculation attempts over 8 weeks, no electroactive activity was observed, hinting to the inability of this original inoculum to thrive under urine-'like' conditions. Accordingly, the inoculum was broadened by supplementing the same Geobacter-dominated biomass with biofilm scrapings from a urinal and anaerobic digester sludge. This biomass mixture was subsequently adapted progressively to increasing total ammonia-nitrogen (TAN) concentrations for 6 weeks (0-10 g L −1 in five equidistant steps).
Electrochemical reactors
Three membraneless electrochemical bottle-type reactors-350 mL total volume, as previously described by Pozo et al. (2016) 
Reactor operation
All MEC reactors were seeded with the mixed inoculum aforementioned, and each WE was operated independently in chronoamperometry at a poised potential of 0.0 V vs SHE using a potentiostat (BioLogic VMP-3; France), with the current recorded every 60 s. Following the enrichment-adaptation phase aforementioned, the reactors were operated in batch mode, with the medium replaced every 72 h. Subsequently, the reactors were operated in continuous mode, by providing medium at 43.75 mL h −1 with a peristaltic pump (REGLO ICC; Ismatec, Switzerland), resulting in each reactor having a hydraulic retention time (HRT) of 8 h. Each of the tested pH/FA levels in the feed was maintained for 3 × HRT in order to evaluate the electroactivity under steady-state conditions at various pH/TAN levels. Inhibition of electroactivity was considered at an 80% drop in output vs the maximum observed (41.0 A m −2 ).
Coulombic efficiency calculations and considerations on the use of membraneless MEC reactors
When the reactors were fed in continuous mode (see above), the average chemical oxygen demand removal ( COD) was estimated by contrasting the COD of the feed (avg. 7.36 ± 0.17 gCOD L −1 ; see Supplementary Information S1, Supporting Information) vs that of the effluent, with triplicate 0.22 μm-filtered effluent samples analysed with standard potassium dichromate kits (Merck-Millipore, Australia) for each reactor. The coulombic efficiency (CE) was subsequently calculated using eq. 2 below (Logan et al. 2006) , where M = 32, the molecular weight of oxygen; F is Faraday's constant; b = 4, the number of electrons exchanged per molecule of oxygen; q is the volumetric influent flow rate and I the current (in this case, the sum of the measured currents for all WEs per reactor):
Membraneless MEC reactors were utilised in this investigation because we primarily aimed to determine the effects of ammonia in both its charged and uncharged forms (NH 4 + /NH 3 ) on EABs; the utilisation of a CEM membrane would have resulted in the migration of NH 4 + as primary charge transporter from anode to cathode (Rodriguez Arredondo et al. 2015; Thompson Brewster et al. 2017) , eliminating the possibility to evaluate the effects of fed TAN concentrations on the bioanodes. One important shortcoming of membraneless METs, however, is that the cathodic reactions are not separated from the bulk, which in the case of MECs means that the H 2 produced at the cathode can be oxidised at the anode (likely at the poised potential of 0.0 V vs SHE). Nevertheless, throughout all continuous-mode experiments, it was observed that the CE = 94.8 ± 8.7%, meaning that the main electricity-producing reaction was driven by COD removal and not H 2 oxidation at the bioanode (although it cannot be denied that the latter may have occurred in minor proportions). 16s rRNA microbial community profiling and fluorescent in situ hybridisation
pH and TAN level control and calculations
After the last set of batch experiments (Fig. 1B) , two bioanodes were collected from one of the three reactors for community characterisation. Given the size of the electrodes (1 cm 3 ), the small amount of biofilm mass (<0.005 g) that was extracted by light vortexing and tip sonication (following Kobayashi et al. 2009 ) had to be pooled together to guarantee that the genetic material was present in sufficient amounts for analysis. The pooled biomass was then subjected to DNA extraction using the FastSpin Soil Kit (MP-Biomedicals, USA) according to manufacturer's specifications, and the extracted DNA submitted to the Australian Centre for Ecogenomics at The University of Queensland for 16S rRNA gene amplicon pyrosequencing (Phung et al. 2004 ) via the Illumina MiSeq Platform using 926F (5 -AAACTYAAAKGAATTGACGG-3 ) and 1392R (5 -ACGGGCGGTGWGTRC-3 ) as primers. Further details on our protocols for data processing have been previously described in detail by Pozo et al. (2015 Pozo et al. ( , 2017 . Sequences of dominant operational taxonomic units (OTUs) were aligned by SINA (Pruesse, Peplies and Glöckner 2012) and imported to ARB (Ludwig et al. 2004) for the construction of evolutionary distance tree based on the SILVA database (Release 128) using neighbour joining (Saitou and Nei 1987) with 1000 bootstrap. The fluorescent in situ hybridisation (FISH) of extracted biomass was undertaken as previously described (Pozo et al. 2016 ), using four oligonucleotide probes targeting Deltaproteobacteria (Delta495mix), Gammaproteobacteria (Gam42a and Pse1284) and 'other' bacteria (EUBmix) which were selected based on the obtained 16S rRNA microbial community profiles. After fixation/hybridisation, the samples were observed under a confocal microscope (Axioscope LSM510; Zeiss, Germany). Following the pH/TAN level tests in continuous-feed mode (Fig. 1C) , the remaining four bioanodes were removed from the last two reactors and the same 16S rRNA/FISH characterisations were repeated. Figure 1A illustrates a first set of fed-batch experiments, whereby six replicate bioanodes with the EAB consortium were exposed to high salinity (avg. 19.5 mS cm trend that was also previously observed by Clauwaert et al. (2008) under similar conditions. Figure 1B depicts a subsequent set of experiments designed to decouple the effects of TAN (and/or the corresponding FA concentrations) and pH. In this new set of tests, the six bioanodes were exposed to increasing TAN concentration steps but constant pH = 7.50 (from 320 to 10 090 mgTAN L −1 , equivalent to 2.5-154 mgNH 3 -N L −1 ) and same salinity as above. The results in These results differ from previous investigations that specifically looked into TAN inhibition of EAB, and observed significant decreases in electroactivity for concentrations ≥500 mgTAN L −1 (corresponding to 5.6 mgNH 3 -N L −1 ) in batch (Nam, Kim and Shin 2010) and ≥3500 mgTAN L −1 (equiv. 38.9 mgNH 3 -N L −1 ) with reactors operated in continuous mode (Kim et al. 2011) . It is worth noting however that in the latter investigations, the EAB communities were not specifically enriched towards high-TAN concentrations as in this investigation, which can explain the difference in results. Lack of inhibition by high TAN alone is backed by numerous observations for other anaerobic processes such as methanogenesis, where it has been demonstrated that inhibition is not caused by high-TAN concentrations-even at 30 000 mgTAN L −1 (de Baere et al. 1984 )-but by the accompanying FA (see eq. 3) which causes disruption of enzymatic activities, changes in intracellular pH and osmotic stress (de Baere et al. 1984; Kadam and Boone 1996) . Such interpretations are in line with the results (Fig. 1B) , as no reduced electroactivity was observed for TAN concentrations circa 10 000 mg L −1 , which is amongst the highest TAN levels that could be expected in source-separated urine (Udert, Larsen and Gujer 2006; Ledezma et al. 2015b) . Of further note, the electrical output peaked at the highest FA concentrations tested at that point: 154 mgNH 3 -N L −1 in Fig. 1B and 270 mgNH 3 -N L −1 in Fig. 1A . Based on the latter and previous observations of EAB activity enhancement when comparing source-separated urine to domestic wastewater (Ledezma et al. 2015b) , we hypothesised that the enriched consortium was haloalkaliphilic in nature and furthermore able to utilise FA as a buffer, 'neutralising' its deleterious effects by coupling the anaerobic oxidation of organics (e.g. acetate in these experiments) to electricity production and concomitant protonation of FA as described in eq. 4:
RESULTS AND DISCUSSION
To identify the limits of this mechanism, a further set of experiments was undertaken, exposing the bioanodes to a series of FA steps driven by pH/TAN combinations in continuousfeed mode. The results in Fig. 1C demonstrate that the bioanodes prospered at the pH levels (8.5-9.5) and conductivity typical of hydrolysed source-separated urine, indicating clear haloalkaliphilicity (see numerical data in Supplementary Information S2, Supporting Information). The peak performance of 41.0 ± 2.9 A m −2 was observed at pH = 8. tolerance to very high FA concentrations, known to be highly inhibiting to other anaerobic processes. As a reference, it is well established that methanogenesis requires levels <100 mgNH 3 -N L −1 to prevent significant process inhibition (de Baere et al. 1984; Kadam and Boone 1996; Hansen, Angelidaki and Ahring 1998) . Figure 2 illustrates the first attempts to characterise the EAB community described above, with the biomass sampled for 16S rRNA pyrosequencing before and after the continuous-mode tests presented on Fig. 1C . The resulting community profiling identified five major OTUs (hereafter referred to as OTUs 1-5; each with ≥10% relative abundance) in both instances, whilst the rest of the community proved diverse, with no abundance ≥4% at the 'genus' level, confirming enrichment towards a specific niche. The phylogenetic tree analysis in Fig. 2A indicated the following:
(a) OTUs 1 and 2 belong to the genus Pseudomonas, which comprises well-established EAB species such as P. putida (96% similarity to OTUs 1/2) and P. aeruginosa (97% similarity to OTUs 1/2), the latter recently used in pure cultures to generate electricity in microbial fuel cells (MFCs) treating an artificial urine medium (Shreeram, Hassett and Schaefer 2015) . OTUs 1/2 are however more closely related to P. caeni DSM 24390 (99% similarity), a species recently observed in low-temperature non-saline MFCs-within a mixed enrichment including Geobacter species G. psychrophilus P35 and G. chapellei 172 (Tkach et al. 2017) .
(b) OTUs 3 and 4 are affiliated to genus Desulfuromonas, another well-established EAB cluster with members first described as dissimilatory Fe and S-reducers, particularly to the halophile Desulfuromonas acetoxidans (94% similarity to OTUs 3/4)-enriched from saline sediments to (Pierra et al. 2015 )-and to D. acetexigens (99% similarity), which was observed by Ishii et al. (2012) in MFC consortia when treating non-saline primaryclarifier wastewater (yet again in the company of Geobacter species).
(c) Finally, OTU 5 was found to be closely related to Desulfonatronum alkalitolerans (99% similarity), a haloalkalitolerant species with no known electroactivity, but that can undertake sulphate reduction (of which there was 17 mM in the medium) with acetate as electron donor (Sorokin, Tourova and Muyzer 2013) . Figure 2B depicts the relative abundance of the five main OTUs and other major groups in the enrichment. The Fig. 1C ). Clusters with ≥10% relative abundance were labelled with a corresponding OTU number. Clusters with relative abundance between 1% and 10% were summarised to class level, whilst those with relative abundance <1% were grouped as Others.
dominance of OTUs 1-5 described above in the enriched community, which accounted for 55.17% relative abundance after the batch-mode tests (see Fig. 2B left) strongly suggests that these OTUs had a primary role in electricity generation and tolerance to FA (via the coupled mechanism suggested in eq. 2 and/or by other metabolic pathways) in our experiments. Changes in relative abundance of species within a consortium brought about by transitioning from batch-to continuous mode are common in bioreactors (Commault et al. 2013) . FISH imaging (see S3 Supplementary information, Supporting Information) confirmed the high abundance of the five OTUs at higher class level. Of particular note is the fact that the species more closely related to OTUs 1-2 and OTUs 3-4, P. caeni and D. acetexigens, respectively, have been observed on previous MET investigations but have (i) never been found on the same MET enrichment, (ii) only been found in non-saline METs and consequently (iii) always been accompanied by Geobacter species (when enriched from environmental samples).
Accordingly, the community hereby presented has been observed for the first time, with of a number of remarkable features, including (i) the ability to convert acetate to electricity at high current densities in the absence of Geobacteraceae, (ii) the thriving at high-salinity and high-pH conditions, with top performance at pH 10 and (iii) the exceptional tolerance to FA toxicity.
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